Summary
The availability of high-density single nucleotide polymorphism (SNP) microarrays in recent years has proven to be a great step forward in the context of global analysis of genomic abnormalities in disease. SNP arrays offer great robustness, high resolution and the possibility to detect a variety of different genomic copy number variations such as submicroscopic deletions, amplifications, loss of heterozygosity and uniparental disomy. Moreover, they can be used to perform genome-wide association studies. Therefore, SNP arrays harbor several advancements over traditional molecular methods to analyze genomic aberrations, such as cytogenetic analyses, fluorescence in situ hybridization or comparative genomic hybridization methods. Until now, SNP arrays have exclusively been used in experimental research and have enabled seminal new discoveries in many fields by identifying common genomic lesions underlying specific diseases, especially cancer. However, it is foreseeable that SNP arrays will also take up a position in routine diagnostic processes in the future. This review focuses on technical principles of the SNP array technology and their utilization to detect submicroscopic genomic and polymorphic markers associated with disease. 
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Principles of SNP Array Technology
The most common source of genetic variation in the human genome is the existence of single base polymorphisms described as SNPs (single nucleotide polymorphisms). These are germline point mutations naturally and statistically occurring in the course of evolution. To be defined as a SNP, these polymorphisms must occur with a minor allele frequency of at least 1% in a given population. Approximately 15 million SNPs are dispersed throughout the human genome [1] . In the great majority, SNPs occur in two alleles, and if they lie in a coding region of a gene, they are distinguished into synonymous or non-synonymous SNPs depending on whether they do or do not change the amino acid sequence, respectively. But also SNPs lying in non-coding regions of the genome may have an impact on splicing processes or transcription factor binding and hence varying phenotypes.
The different alleles of SNPs can be interrogated by sequence-specific oligonucleotide microarrays. Similarly to the production of gene expression microarrays, sequence-specific oligonucleotides homologous to the different SNP alleles can be synthesized onto gene chips by photolithographic methods (Affymetrix, Santa Clara, CA, USA). For greater reliability, several different probes containing perfect matches and mismatches are combined for interrogation of a single SNP.
To be hybridized to these arrays, highly purified genomic DNA is processed by restriction enzymes followed by adaptor ligation and single primer PCR to produce a collection of PCR products with a selected size range. The PCR products are then fragmented and labeled with a fluorochrome. The labeled DNA fragments are subsequently hybridized to the array. Depending on their genotype, the fragments bind specifically to their corresponding perfect match probe, and binding can be measured by a scanner picking up the fluorescent signal on the array features ( fig. 1 ). Modern arrays cover up to 1,800,000 SNPs and non-polymorphic copy number markers on a single array and thereby reach a sub-mega base pair resolution with median inter-marker distances of as low as 700 bases.
The results of this measurement provide two different types of information. One is a data set comprising the intensity data of all SNPs. Since the human genome is diploid, the intensity values are raised to two after normalization, representing the normal copy number of alleles on somatic chromosomes. A homozygous deletion of genomic material results in a copy number value of zero and a heterozygous deletion in a copy number value of one ( fig. 2A ). Duplications or amplifications result in values of 3 or higher integer copy numbers, respectively ( fig. 2B ). This can be used to infer the copy number of any given genomic region containing the SNP or other marker sequences. In newer arrays also non-polymorphic genomic regions are interrogated in order to achieve a better coverage, because SNPs well suited for microarray analysis are not evenly distributed throughout the genome.
Apart from copy number data, the method also yields a genotype data set generated by the SNP calls of either AA, AB or BB standing for the alleles of the SNPs. This, combined with the copy number data, allows the detection of loss of heterozygosity (LOH) and, importantly, also copy number-neutral LOH in form of acquired uniparental disomy (aUPD) (fig. 2C) or homozygous DNA stretches caused by consanguinity [2] . aUPD represents an allelic imbalance when one allele is deleted and the other one is duplicated or amplified, leading to regions with homozygous SNP calls but a copy number of two or higher. Regions like this, similarly to regions of LOH caused by real deletions, are interesting in cancer research because they have a high probability of containing either a mutated tumor suppressor gene (TSG) or oncogene with loss of their normal allele. SNP arrays are unique in being able to detect these genomic lesions as compared to other cytogenetic methods, which are not able to detect this phenomenon.
In an ideal SNP array experiment to determine acquired genomic changes in a malignancy, the tumor sample is concomitantly analyzed with a matched normal sample of germline DNA from the same individual. This allows definitely to determine which lesions are newly acquired in the tumor sample as opposed to patterns already existing in the germline DNA such as copy number polymorphisms, which are widely distributed throughout human populations [3] . However, if matched normal samples are not available, computational probability algorithms can be used to infer LOH by using anonymous references [4] [5] [6] , and these models reach an accuracy nearly equaling the power of analysis with matched normal samples. Furthermore, newer algorithms also allow an allele-specific copy number analysis, giving information about which specific parental allele is affected by a given aberration [5] ( fig. 2A-C) . When using anonymous references, possible copy number polymorphisms must be identified by comparing the tumor SNP chip data with registered copy number polymorphisms in the data bases of genome browsers. Similarly to gene expression microarray experiments, alterations detected by SNP arrays, which are hypothesized to have a pathologic impact, should be validated by alternative methods such as cytogenetic analyses, fluorescence in situ hybridization, quantitative real-time PCR of genomic DNA, direct sequencing of SNPs or microsatellite analysis.
Detection of Genomic Aberrations using High-Density SNP Arrays
Due to the high density of genome coverage provided by modern SNP arrays with median inter-SNP distances of <0.7 kb their accuracy and resolution of whole genome screening for deletions, amplifications, LOH and aUPD is a great advancement over conventional cytogenetic and array-comparative genomic hybridization methods. These advantages have been particularly useful in cancer research where the increasing understanding of Nowak/Hofmann/Koeffler genomic aberrations underlying specific malignancies is rapidly leading to improved classification and prognostic systems as well as identification of new targets for therapeutic intervention.
To this end, studies using SNP arrays have refined and added substantial new information about the genomic aberrations in a large variety of cancers such as hematologic malignancies [7] [8] [9] [10] [11] [12] and solid tumors [13] [14] [15] [16] [17] in recent years. The strength of the method lies in the ability to narrow down with great resolution to candidate target genes by searching for common regions affected in a large number of samples. Often, the underlying lesion in cancer is a mutated TSG with concomitant loss of the non-mutated allele. Such mutated TSGs can therefore often be found in regions of heterozygous deletion or aUPD. When the region is very large, identifying the causative gene among hundreds of interesting candidate genes can be very difficult. However, by overviewing the composite SNP array data of many tumor samples of the same entity, the candidate gene may be isolated by narrowing the common region affected in all samples ( fig. 3 ). For example, this could impressively be demonstrated in SNP array analysis of acute lymphoblastic leukemia (ALL) where the B-cell specific transcription factor Pax5 was found to be the most frequent target of somatic mutation in ALL [11, 18] and the deletion of the transcription factor IKZF1 is a characteristic hallmark of BCR-ABL1-positive ALL [19] . The same is also true for the detection of amplified oncogenes, for example in prostate cancers and melanomas [20, 21] . The relevancy of mutated genes found in aUPD was demonstrated by the association of frequent aUPD and mutation of the janus kinase gene 2 (Jak2) as a characteristic lesion in myeloproliferative diseases [5, 22] . Another useful application of SNP arrays in cancer research is the identification of gene translocations and fusion products. While one of the few drawbacks of SNP array analysis is their inability to detect balanced translocations, it is a strong tool for the detection of breakpoints in unbalanced genomic translocations [12] , which has led to the discovery of numerous new fusion products in leukemia [23] .
In order to increase the accuracy in search for tumor-associated target genes even more, numerous investigators have com- 
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Labelled DNA fragments bined the power of genome-wide SNP array analysis and global gene expression assays and integrated the results. This approach allows investigators to pinpoint target genes with more interrogational power because often common genomic lesions detected by SNP arrays contain a large number of genes and it would be too laborious to analyze each potential gene. By searching for deregulated expression patterns of genes coded in the affected area by simultaneous gene expression microarray analysis, the number of candidate genes can be narrowed down considerably and has led to the discovery of interesting target genes associated with hematologic malignancies [18, 24, 25] or solid tumors [21, 26] .
Application of SNP Arrays to Identify Common Traits of Complex Disease
Besides the field of cytogenetics application, SNP arrays have become powerful tools in the search for genomic genotypes associated with or predisposing for certain phenotypes and diseases. As mentioned above, SNPs are polymorphic markers introduced into the genome by spontaneous germline mutation of single nucleotides. Although genomic diversity during human reproduction is maintained by genetic recombination during meiosis, chromosomal segments tend to be transmitted as blocks referred to as haplotypes [27] [28] [29] . This implicates that single genomic markers such as SNPs in a given haplotype can be used to predict the genotype of the surrounding region, which is described as linkage disequilibrium. This knowledge can be used to design studies, which link certain constellations of genotypes to specific diseases. Despite the fact that very large cohorts are needed to reach statistical significance in such association studies, they have been carried out for numerous common diseases such as coronary artery disease [30] , diabetes and celiac disease [31, 32] . While such powerful association studies are very important first steps in creating a basis for predicting risks for certain diseases, they provide A Deletions on chromosome 9 in an ALL sample: Hemizygous deletions are characterized by reduction of the copy number value from 2 to 1. This is evidenced by a downward deviation of the copy number signals of single SNPs (single dots in the upper line), the averaged copy number signal (continuous line in the second panel from above) and deletion of one allele as shown by downward deviation of one of the allele-specific copy number signals (two separate lines in the lower panel). In homozygous deletions, both alleles are deleted, and the copy number value is reduced to 0. B Duplications and amplifications on chromosome 8q: Duplications are identified by an upward deviation of the copy number value to 3 (for duplications) or >3 for amplification of genomic material. C aUPD on chromosome 17q. aUPD is displayed by divergence of the allele-specific copy number signals in the lower panel. These indicate that one parental allele is duplicated while the other one is deleted. Throughout this region, the copy number value remains = 2, but a LOH is evidenced by the drastic loss of heterozygous SNP calls (vertical lines below the cytoband), the remaining ones are erroneous SNP calls caused by contamination of the tumor sample with normal DNA. Nowak/Hofmann/Koeffler little or no information about the functional aspects of the detected associations. Again, approaches which combine the power of whole genome association studies with other global screening methods go one step further. For example, studies which integrated data from association studies with expression quantitative trait loci determined by gene expression analysis and models of segregating mouse populations were not only able to determine the underlying trait loci of specific diseases, but also demonstrated the effects of the polymorphic constellations on gene function involved in the pathogenesis of the disease [33] [34] [35] .
Conclusion and Future Perspectives
The rapidly developing technology for whole genome copy number analysis and genotyping with SNP arrays has permitted experimental researchers to elucidate genomic alterations and traits underlying multiple diseases. Until now, the technology has remained in the domain of research. However, SNP arrays have also enhanced prognostic systems and cytogenetic diagnostic procedures [7, 36] . Therefore, it is foreseeable, that SNP arrays will soon also gain relevance in routine cytogenetic examinations for determining prognosis Fig. 3 . Identification of target genes by identifying commonly affected genomic regions with the CNAG software. Shown is an integral view of chromosome 9 of a collection of ALL samples. Deletions are shown by horizontal lines below the cytoband, each line represents one sample. While many samples harbor big deletions, containing hundreds of potential target genes of the genomic lesion, overlapping the data from many samples leads to a reduction of size of the common region. This is impressively shown in ALL for hemi-and homozygous deletions pinpointing the tumor suppressor genes CDKN2A/CDKN2B or for the transcription factor Pax5. or providing information for therapeutic decisions based on genotypes.
